Although cyanobacteria are photoautotrophs, they have the capability for heterotrophic metabolism that enables them to survive in their natural habitat. However, cyanobacterial species that grow heterotrophically in the dark are rare. It remains largely unknown how cyanobacteria regulate heterotrophic activity. The cyanobacterium Leptolyngbya boryana grows heterotrophically with glucose in the dark. A dark-adapted variant dg5 isolated from the wild type (WT) exhibits enhanced heterotrophic growth in the dark. We sequenced the genomes of dg5 and the WT to identify the mutation(s) of dg5. The WT genome consists of a circular chromosome (6,176,364 bp), a circular plasmid pLBA (77,793 bp) and two linear plasmids pLBX (504,942 bp) and pLBY (44,369 bp). Genome comparison revealed three mutation sites. Phenotype analysis of mutants isolated from the WT by introducing these mutations individually revealed that the relevant mutation is a single adenine insertion causing a frameshift of cytM encoding Cyt c M . The respiratory oxygen consumption of the cytM-lacking mutant grown in the dark was significantly higher than that of the WT. We isolated a cytM-lacking mutant, DcytM, from another cyanobacterium Synechocystis sp. PCC 6803, and DcytM grew in the dark with a doubling time of 33 h in contrast to no growth of the WT. The respiratory oxygen consumption of DcytM grown in the dark was about 2-fold higher than that of the WT. These results suggest a suppressive role(s) for Cyt c M in regulation of heterotrophic activity.
Introduction
Cyanobacteria are prokaryotes that perform oxygenic photosynthesis. The capability for oxygenic photosynthesis using water as the electron donor allows them to occupy the ecological position of a global primary producer (Whitton 2012) . Thus, cyanobacteria are generally considered to be photoautotrophic organisms. However, they also have chemoheterotrophic capability, which may be important for survival in natural environments (Lea-Smith et al. 2013) . For example, in their natural habitat, cyanobacteria are subjected to diurnal light and dark cycles (Jørgensen et al. 1979 , Steunou et al. 2006 . During daylight periods, cyanobacteria produce ATP and NADPH by photosynthetic electron transport and assimilate CO 2 to synthesize various cellular organic compounds using ATP and NADPH for proliferation. In addition, some of the assimilated carbons are allocated to producing storage compounds such as glycogen (Ziliges 2014) . At night, the stored glycogen is then oxidized by glycolysis, the oxidative pentose phosphate (OPP) cycle and the tricarboxylic acid (TCA) cycle (Zhang and Bryant 2011) to produce ATP and NADPH: the respiratory substrates produced are used to drive respiratory electron transfer to generate ATP.
Photosynthetic electron transport involves two photosystems, PSI and PSII, and the Cyt b 6 f complex, which are serially linked to produce NADPH and to generate a proton gradient for ATP production (DeRuyter and Fromme 2008, Battchikova and Aro 2014) . The linear electron transport from Cyt b 6 f to PSI is mediated by soluble electron carrier proteins, plastocyanin (PC) and Cyt c 6 (Cyt c 550 ) , Hervás et al. 2003 . PC and Cyt c 6 are used as the sole electron carriers in plants and some cyanobacteria, respectively. In contrast, both PC and Cyt c 6 are employed in most cyanobacteria and some eukaryotic algae. PC plays a major role in the presence of copper, and Cyt c 6 substitutes the role of PC in the absence of copper.
To support chemoheterotrophic energy production at night, cyanobacteria drive glycolysis, the OPP cycle and the TCA cycle to generate NADPH and ATP in the dark. Cyanobacterial respiratory electron transport employs NAD(P)H dehydrogenase, succinate dehydrogenase, Cyt b 6 f and terminal Cyt oxidases (COXs). PC and Cyt c 6 mediate electron transfer from Cyt b 6 f to COX (Manna and Vermaas 1997) . Thus, in cyanobacterial thylakoid membranes, photosynthetic and respiratory electron transport are interlinked by sharing Cyt b 6 f and the soluble electron carrier proteins PC and Cyt c 6 (Mullineaux 2014) .
All genes for enzymes and proteins for heterotrophic energy production are conserved almost universally in all cyanobacterial genomes (Gómez-Baena et al. 2008) . However, the ability to undergo heterotrophic growth in the dark is not ubiquitous in cyanobacteria. Some cyanobacteria, such as Leptolyngbya boryana (White and Shilo 1975) , Nostoc punctiforme ATCC 29133 (Summers et al. 1995) , Anabaena variabilis ATCC 29413 (Wolk and Shaffer 1976) and Synechocystis sp. PCC 6714 (Vernotte et al. 1992) , can grow with glucose in the dark, whereas most other cyanobacteria cannot. Synechocystis sp. PCC 6803 (Synechocystis 6803) grows heterotrophically in the dark only when light irradiation for a short (5-15 min) period is applied every 24 h, a property known as light-activated heterotrophic growth (LAHG) (Anderson and McIntosh 1991) . This growth property suggests that there are some regulatory mechanisms controlling the heterotrophic metabolic capability in this cyanobacterium. However, it remains largely unknown how cyanobacterial cells control heterotrophic activities including glucose metabolism and the electron transport systems in response to growth modes to adapt to various environments.
L. boryana is able to grow heterotrophically using glucose in continuous darkness. However, its doubling time with heterotrophic growth in the dark is quite long (12 d, White and Shilo, 1975; 4 d, Fujita et al. 1992) . A dark-adapted variant 'dg5' showing a much shorter doubling time (57 h) was isolated from the wild type (WT) of L. boryana (Fujita et al. 1996) . Then, dg5 has been used as an alternative WT for study of Chl biosynthesis, photosystem biogenesis and photosynthetic electron transport (Fujita et al. 1996 , Fujita et al. 1998 , Kimata-Ariga et al. 2000 , Kada et al. 2003 , Yamazaki et al. 2006 , Yamamoto et al. 2009 , Yamamoto et al. 2011 ). However, it not known which mutation(s) is(are) responsible for the enhancement of heterotrophic growth in dg5.
In the present study, we determined the genome sequences of the WT and dg5 of L. boryana, leading to the identification of three mutation sites as candidates relevant to the dg5 phenotype. We identified one of them, a single adenine insertion, causing a frameshift of the cytM gene encoding Cyt c M , as the relevant mutation by introducing these mutations individually into the WT. Furthermore, we isolated a cytM-lacking mutant in another cyanobacterium, Synechocystis 6803, and found that the loss of cytM conferred heterotrophic growth ability under continuous dark conditions. These results suggested that Cyt c M plays some suppressive role with respect to heterotrophic activities in cyanobacteria.
Results
Isolation and phenotype of a dark-adapted variant dg5
L. boryana has the ability to grow heterotrophically with glucose in the dark (White and Shilo 1975) . We confirmed that the L. boryana WT grew with glucose (30 mM) in the dark, although cell density was not high (Fig. 1A) . To use L. boryana as a model cyanobacterium for the investigation of the molecular biology of photosynthesis, especially Chl biosynthesis, we isolated a Fig. 1 (A) A typical phenotype of dg5. Aliquots (5 ml) of liquid cultures of dg5 and the WT were spotted onto BG-11 agar plates with and without glucose and incubated in the dark for 14 d (spots 1 and 2) and in the light for 5 d (50 mmol photon m À2 s
À1
; spots 3 and 4), respectively. (B) A brief history of L. boryana WT and dg5. A dark-adapted variant dg5 was isolated in 1991 (a) and the first frozen stock (F) was prepared in 1993 and revived (R) in 2011 to prepare the genomic DNA for sequencing. The frozen stock (F) of WT was prepared in 2002 and revived (R) in 2012 for genome resequencing.
dark-adapted variant, dg5, by prolonged (38 d) incubation of the WT in glucose-containing BG-11 medium in the dark (Fujita et al. 1996) . dg5 grew much faster in the dark than the WT, and the final cell density was much higher than that of the WT (Fig. 1A , spots 1 and 2). dg5 maintained normal photoautotrophic growth ability comparable with that of the WT under normal light conditions (Fig. 1A, spots 3 and  4) . To determine the genome sequence, we revived dg5 from a frozen stock prepared in 1993 and isolated a single colony in 2011 (Fig. 1B) .
Determination of genome sequences of dg5 and the WT We determined the genome sequence of dg5 by pyrosequencing. The obtained draft genome consisted of a single 6.176 Mb chromosome, a single plasmid and two linear plasmids. Using the draft sequence as a reference, we resequenced the genomes of the WT and dg5 by ligation-mediated sequencing to identify mutation site(s) responsible for the faster heterotrophic growth of dg5. During this process, we found 116 sites (111 sites in the chromosome, four sites in pLBX and one site in pLBY) that appeared to be different from those of the draft genome of dg5 (Supplementary Table S1 ). By Sanger sequencing of the PCR fragments from the genome of dg5, we confirmed 112 of the 116 sites to be ascribed to sequencing errors (Supplementary Table S1 ). Most errors were found in homopolymeric sequences (102 of 112, including homodimeric sequence in the correction sequence). We determined the genome sequence of the WT to consist of a single chromosome (6,176,364 bp), a single circular plasmid pLBA (77,793 bp) and the two linear plasmids pLBX (504,942 bp) and pLBY (44,369 bp) ( Fig. 2A) . Linear plasmids have been found in nitrogen-fixing cyanobacteria Cyanothece sp. strains ATCC 51142 and PCC 7822 (Welsh et al. 2008 , Bandyopadhyay et al. 2011 .
The numbers of predicted open reading frames (ORFs) in the chromosome and the plasmids pLBA, pLBX and pLBY are 5,716, 98, 369 and 45, respectively (6,228 in total, Fig. 2A ). All genes have been named with the locus tag LBDG_xxxxx and LBWT_xxxxx for dg5 and the WT, respectively. Genes in the plasmids pLBA, pLBX and pLBY have been named with locus tags LBDG_Axxxx (LBWT_Axxxx), LBDG_Xxxxx (LBWT_Xxxxx) and LBDG_Yxxxx (LBWT_Yxxxx), respectively. Nine rRNA and 66 tRNA genes were detected in the chromosome. The conserved rRNA operons, rrn16S-trnI-trnA-rrn23S-rrn5S, are present in triplicate in the chromosome. A large gene cluster containing 21 tRNA genes (16 different kinds of tRNA) was found in a chromosomal region ( Fig. 2A) . The large nitrogen fixation gene cluster we previously reported (Tsujimoto et al. 2014) was also confirmed in a chromosomal region (2,466,066-2,515,528; LBDG_23000-23500). All four plasmids appear not to harbor any genes encoding enzymes or proteins important for basic cellular processes.
Identification of the mutation for the dg5 phenotype
As the result of a comparative resequencing of the WT and dg5, three sites were confirmed to be actually different ( Table 1; Figs. 2, 3). Thus, probable candidates of the relevant mutation site(s) for the dg5 phenotype are as follows: a T!C transition at 1,305,274, an A!G transition at 3,151,311 and an A insertion between 5,175,200 and 5,175,201 (Table 1 ; Fig. 3 ).
The T!C and A!G transitions at 1,305,274 and 3,151,311 result in an amino acid substitution in the proteins encoded by LBDG_11960 and LBDG_29570, respectively ( Table 1) . The A insertion between 5,175,200 and 5,175,201 causes a frameshift in LBWT_49050 (Supplementary Fig. S1 ). LBWT_49050 encodes a protein of 97 amino acid residues, and the deduced amino acid sequence shows high similarity (45.2% identity) to that of Cyt c M (Sll1245) from Synechocystis 6803, suggesting that LBWT_49050 encodes Cyt c M in L. boryana. In dg5, the A insertion just after the 45th T causes a frameshift, resulting in a truncated protein with only 35 amino acid residues ( Supplementary Fig. S1 ).
To identify the mutation site responsible for the dg5 phenotype experimentally, we introduced the three mutations individually into the WT via homologous recombination (Fig. 3) , and investigated whether the enhanced growth ability in the dark is conferred by the mutations. The kanamycin resistance cartridge (neo) was introduced into intergenic regions between ORFs that are located close to the single nucleotide polymorphism (SNP)/A insertion sites to minimize effects by the insertion (Fig. 3A, C, E). After confirming the segregation of transformants carrying the neo gene in the intergenic regions without any WT copies by colony PCR (Fig. 3B , D, F), DNA fragments containing the SNP and the A insertion sites were prepared by colony PCR and the nucleotide sequences of the fragments were determined by Sanger sequencing. Three pairs of transformants, dm1 and dm1c; dm2 and dm2c; and dm3 and dm3c, were isolated (Fig. 3) . The three transformants dm1, dm2 and Table S3 ). PCR analysis to confirm the gene replacement of the T!C (B) and A!G (D) transitions and the A insertion (F) is shown. PCR analysis was also performed with the cytM-null mutant dm3n (G). PCR fragments shown in the horizontal bars below the gene arrangement maps were amplified from the respective colonies (lanes 1, dm1, dm2, dm3 and dm3n; and lanes 2, dm1c, dm2c and dm3c) with primers f1 and r3 (Supplementary Table S3 ) (B, D, F and G). As controls, the WT (lanes 3) and mutant (lanes 4) fragments were amplified from the WT colonies and the plasmids used for the mutant isolation. dm3 carry the mutations in dg5 with the neo gene. The other three transformants, dm1c, dm2c and dm3c, are control strains in which the neo gene was introduced in the intergenic regions as in dm1, dm2 and dm3, respectively, but the relevant sites were preserved as WT. Given that the A insertion causes a frameshift in the cytM gene, we isolated a cytM-null transformant dm3n, in which the entire coding region of cytM was replaced by the neo gene to investigate whether the loss of cytM results in the same dg5 phenotype (Fig. 3E) .
Phenotype of the cytM mutants
We compared the growth of the seven isolated transformants with that of the WT and dg5 under heterotrophic conditions in the dark in addition to photoautotrophic and mixotrophic conditions in the light (Fig. 4A) . Under the light conditions, dg5 grew as well as the WT, as shown in Fig. 1A , and all mutants grew as well as the WT irrespective of the presence of glucose (Fig. 4A, lanes 2 and 3) . A remarkable growth difference was observed under dark heterotrophic conditions (Fig. 4A, lane 1) . In contrast to the poor heterotrophic growth of five transformants (dm1, dm1c, dm2, dm2c and dm3c) and the WT, only two transformants, dm3 and dm3n, exhibited obviously better growth (similar to that of dg5) as compared with other strains. Given that the common genotype of dm3 and dm3n is the loss of cytM (a frameshift in dm3 and a deletion in dm3n), this result suggested that the responsible mutation in dg5 is the A insertion in cytM and that loss of cytM stimulates heterotrophic growth in the dark in L. boryana.
We also compared the heterotrophic and photoautotrophic growth of dm3 and dm3c with that of the WT and dg5 in liquid culture (Fig. 4B, C) . dm3 grew as well as dg5, and much better than the WT and dm3c (Fig. 4B) . In the early phase (until about 120 h after inoculation), all the four strains grew well. However, approximately 180 h after inoculation, only dg5 and dm3 continued to grow in a logarithmic manner until approximately 400 h, whereas the WT and dm3c grew much more slowly than dg5 and dm3. The final OD 730 values were approximately 5 in dg5 and dm3, much higher than those in the WT and dm3c (with an OD 730 of 0.4). In photoautotrophic growth, there was no marked difference among the four strains (Fig. 4C) .
We recorded cellular absorption spectra and determined their Chl contents and basic parameters of energy production: activities of photosynthesis and respiration in dm3 and dm3c grown under heterotrophic and photoautotrophic conditions (Fig. 5) . The absorption spectra of dm3 and dm3c were essentially the same when grown photosynthetically, with the Chl contents also being at the same levels (Fig. 5D) . In contrast, the cellular absorption spectrum of dm3 grown heterotrophically in the dark was quite different from that of the control strain dm3c, revealing that dm3 cells contain markedly higher amounts of phycobiliproteins and Chl than those of dm3c (Fig. 5A) . When grown under the dark heterotrophic conditions, the respiration activity of dm3 determined as oxygen consumption in the dark was 1.7 times higher than that of dm3c (Fig. 5B) , whereas the respiratory activities of the two strains were the same in the cells grown under photoautotrophic conditions (Fig. 5E) . This difference in respiratory activity appears to be consistent with the enhanced dark heterotrophic growth of dm3. Oxygen evolution activity of the heterotrophically grown dm3 cells was also 1.7 times higher than that of the dm3c cells grown under the same conditions (Fig. 5C) . Given that the cells were heterotrophically grown in the dark, the photosynthetic activity should be regarded as potential activity. In addition, it should be noted that the oxygen evolution activities of dark-grown cells were much lower than those of light-grown cells (Fig. 5C, F) .
DcytM in Synechocystis 6803
To confirm the effects of loss of the cytM gene, we isolated a DcytM mutant in another cyanobacterium, Synechocystis 6803 (Fig. 6) , in which the entire coding region of cytM (sll1245) was replaced with the gentamicin resistance cartridge (Fig. 6A) . The segregation of the mutant copy was confirmed by PCR (Fig.  6B) . Photoautotrophic growth of DcytM was the same as that of the WT (Fig. 6C, lane 1) , consistent with the findings of a previous report (Malakhov et al. 1994) . Growth of the DcytM mutant was better than that of the WT under photomixotrophic and LAHG conditions (Fig. 6C, lanes 2 and 3) , and, surprisingly, DcytM was found to grow under continuous dark conditions, although the WT did not grow ). Cells were suspended in BG-11 supplemented with 10 mM NaHCO 3 . Respiration and photosynthesis activities were measured as oxygen consumption in the dark (B, E) and oxygen production in the light (C, F; 1,000 mmol photon m À2 s À1 ), respectively.
heterotrophically (Fig. 6C, lane 4) . The WT strain 'YF' (Aoki et al. 2012) showed very poor growth under LAHG conditions. However, DcytM grew very well under LAHG conditions (Fig.  6C, lane 3) . Dark heterotrophic growth of DcytM in liquid culture is shown in Fig. 6D . While growth of the WT almost stopped after 24 h, DcytM kept an exponential growth phase until 144 h with a doubling time of about 33 h (from 24 to 92 h).
We determined the activities of respiratory oxygen consumption and oxygen evolution of DcytM, and recorded the cellular absorption spectra of DcytM (Fig. 7) . The results were substantially the same as those in dm3. In the dark-grown cells, the oxygen consumption of DcytM was >2-fold higher than that of the WT (Fig. 7B) . In addition, the oxygen evolution of DcytM was almost 4-fold higher than that of the WT (Fig. 7C) . Both activities of DcytM cells grown in the light were almost the same as those of the WT (Fig. 7E, F) . These results indicated that the physiological effects caused by the loss of Cyt c M are not specific to L. boryana and suggested that Cyt c M has the same function in Synechocystis 6803 as in L. boryana. The physiological function of Cyt c M is probably conserved in cyanobacteria.
Discussion
In this study, to identify the mutation site responsible for the dg5 phenotype in L. boryana, we obtained a draft genome sequence by pyrosequencing, followed by resequencing by ligation-mediated sequencing of dg5 and WT genomes in parallel. Comparative analysis of the two genomes clearly indicated three sites differing between the WT and dg5 genomes against a background of errors in the draft sequence. Genome resequencing of dg5 together with the parental strain (WT) was very important for discriminating sequence errors in the draft genome and false positives caused by mapping error from the true mutations. We then improved the accuracy of the genome sequence as much as possible to provide a framework for further extensive genetic analysis in L. boryana. The accurate sequence information of L. boryana will allow us to identify mutation sites much more easily than use of the draft genome information, as demonstrated by our previous study in Synechocystis 6803 (Aoki et al. 2012) .
Cyt c M is a novel c-type Cyt that is closely related to Cyt c 6 and distributed among almost all cyanobacteria except for Prochlorococcus marinus MIT 9515 (Bernroitner et al. 2009 ). We constructed a phylogenetic tree including Cyt c M of L. boryana and another 10 Cyt c M and 28 related Cyt c 6 -like proteins (Fig. 8) . As reported previously (Bialek et al. 2008 ), Cyt c 6 -related proteins are classified into five groups: Cyt c 6 , Cyt c 6A , Cyt c 6B , Cyt c 6C and Cyt c M . Cyt c M (LBWT_49050) from L. boryana is included in the Cyt c M group with Cyt c M (Sll1245) from Synechocystis 6803. We found three other genes encoding Cyt c 6 -related proteins in the L. boryana genome. Two of them (LBDG_16630, Cyt c 6 1 and LBDG_06790, Cyt c 6 2) are classified into the Cyt c 6 group and called petJ1 and petJ2, respectively. Cyt c 6 1 (PetJ1) appears to be the major Cyt c 6 in L. boryana, given that this protein has been purified as a c-type Cyt from L. boryana cells and the entire Table S3 ). To confirm the segregation of the mutant copy in the mutant chromosome, DNA fragments were amplified with primers f4 and r4 (Supplementary Table S3 ; B). (B) The gene replacement in DcytM was confirmed by PCR analysis. The WT (lane 1) and DcytM (lane 2) copies were amplified from the WT and DcytM colonies. As a control, the mutant copy was amplified from the chimeric fragment used for DcytM amino acid sequence has been determined (Aitken 1977) . petJ2 encoding Cyt c 6 2 forms a small operon with petE encoding PC and two consecutive psbV genes (psbV1 and psbV2) encoding Cyt c 550 in PSII; psbV1-psbV2-petE-petJ, which appears to be unique as a 'Cyt c gene island' in L. boryana. The third Cyt c 6 (LBDG_05000) is categorized in the Cyt c 6C group, whose function is still unknown.
Cyt c M and the three other Cyt c 6 -like proteins from L. boryana are aligned with three other representative Cyt c 6 -like proteins (Supplementary Fig. S2 ). Given that Cyt c 6 is a soluble protein localized in the lumen of thylakoid membranes, a pro-Cyt c 6 protein has a transit peptide for lumen localization. Cyt c M was proposed to be localized in the lumen, similarly to Cyt c 6 (Molina-Heredia et al. 2002) . The N-terminal amino acid residue of the mature protein is hypothesized to be Leu22 in Cyt c M of L. boryana, which corresponds to Leu30, which was presumed in Cyt c M from Synechocystis 6803 ( Supplementary  Fig. S2 ).
Cyt c M was first reported by Malakhov et al. (1994) in the cyanobacterium Synechocystis 6803. Given that Cyt c M shows biochemical properties similar to those of Cyt c 6 (Cho et al. 2000) , it has been thought that Cyt c M can replace Cyt c 6 or PC in photosynthetic electron transport. Interestingly, the expression of cytM is highly induced under stress conditions such as low temperature and high light, whereas the mRNA level is very low in Synechocystis 6803 cells grown under normal conditions (Malakhov et al. 1999) . It has been suggested that Cyt c M operates as an alternative electron carrier from Cyt b 6 f to PSI under stress conditions, a proposition supported by spectroscopic measurement in cells of Synechocystis 6803 (Shuvalov et al. 2001 ). However, a comparative kinetic study showing extremely low activity for PSI reduction of Cyt c M suggested that Cyt c M is not able to replace the electron carrier function of Cyt c 6 and PC (Molina-Heredia et al. 2002) . Although a very low mRNA level of cytM was detected under normal conditions (Malakhov et al. 1999) , Cyt c M was successfully detected in Synechocystis 6803 by Western blot analysis. Cyt c M was localized in both thylakoid and cytoplasmic membranes (Bernroitner et al. 2009 ). In addition, the apparent molecular mass by SDS-PAGE was about 13 kDa, in much ) on BG-11 agar plates for 2 d. Cells were suspended in BG-11 supplemented with 10 mM NaHCO 3 . Respiration and photosynthesis activities were measured as oxygen consumption in the dark (B, E) and oxygen production in the light (C, F; 1,000 mmol photon m À2 s À1 ), respectively.
better agreement with the full-length mass of Cyt c M (11,458 Da) than with that of the processed protein (8,359 Da). Thus, it is important to consider the function of Cyt c M as a membrane-localized heme protein in a broader context, and not to assume its function as being only that of an alternative to Cyt c 6 and PC. We hypothesize three possibilities for the function of Cyt c M . First, Cyt c M plays a role as a transcriptional regulator or interacts with a transcriptional regulator to modulate expression of genes important for heterotrophic growth, although they have not yet been assigned experimentally. One possible candidate for interaction with Cyt c M is Rre37, which has been reported as a response regulator essential for LAHG growth in Synechocystis 6803 (Tabei et al. 2012) . Secondly, Cyt c M reduced by Cyt b 6 f may transport electrons to electron valves such as Flv1/3 under dark heterotrophic conditions. This electron 'leakage' via Cyt c M might limit the productive electron flow from Cyt b 6 f to COX. In this model, in cytMlacking mutants, because this electron leakage is missing, the unsuppressed electron transport from b 6 f to COX via Cyt c 6 and PC proceeds, resulting in higher respiratory activity and faster heterotrophic growth. Thirdly, Cyt c M may be directly involved in COX activity. The amino acid sequence of Cyt c M of Synechocystis 6803 shows a low but significant similarity to those of subunit II of COX in Thermus thermophilus and Bacillus sp. Based on the similarity, Cyt c M has been proposed to be an additional subunit of COX (Manna and Vermaas 1997) . The localization of Cyt c M in both cytoplasmic and thylakoid membranes appears to be consistent with this hypothesis (Bernroitner et al. 2009 ). The enhanced heterotrophic growth and the higher respiratory activity of the DcytM mutant of L. boryana and Synechocystis 6803 suggest a suppressive role for Cyt c M in COX. Cyt c M may inhibit COX activity somewhat.
Such a suppressive role for Cyt c M may be important for survival under prolonged adverse conditions, in the dark or in light-limited environments, by saving the consumption of storage compounds. The ubiquitous distribution of cytM among cyanobacteria supports this possibility. Further studies of biochemical and transcriptomic aspects are clearly needed. Our finding opens the way for understanding of the physiological function of the unique Cyt, Cyt c M .
The DcytM mutant of Synechocystis 6803 is able to grow heterotrophically in the dark without the light pulse required for heterotrophic growth of Synechocystis 6803 WT. The effect of the cytM deletion broadens the range of cultivation options for cyanobacteria. Such cytM-lacking mutants may serve as promising host strains for molecular genetic study on proteins or genes essential for photosynthesis in any cyanobacteria. They may be also useful for more effective production of biofuels and useful compounds. It would be of value to try to isolate a cytMlacking mutant in other cyanobacterial species to enhance heterotrophic growth ability, given that cytM is almost ubiquitously distributed among cyanobacteria.
Determination of the genome sequence of the cyanobacterium L. boryana with high accuracy paved the way for detailed . Cyt c M and three Cyt c 6 -like proteins of L. boryana were included. A multiple alignment was prepared and a phylogenetic tree was constructed using Clustal X (2.0). Classification of Cyt c 6 , Cyt c 6A , Cyt c 6B , Cyt c 6C and Cyt c M was performed according to a previous report (Bialek et al. 2008 ). molecular genetic analyses of various biological processes such as photosynthesis, respiration, Chl biosynthesis and nitrogen fixation. In addition, L. boryana dg5 with enhanced heterotrophic activity would be an excellent cyanobacterial host for production of biofuels and useful compounds.
Materials and Methods

Strain of L. boryana
The original WT strain is L. boryana (Plectonema boryanum) IAM-M101 (Fujita et al. 1991) . The dark-adapted variant dg5 was isolated by prolonged dark incubation (Fujita et al. 1996) as follows: the photoautotrophically grown WT culture was inoculated into 3.0 ml liquid cultures of BG-11 containing 30 mM glucose in five test tubes, and incubated without shaking at 30 C in the dark for 38 d. Significant cell growth was observed in only three tubes, named dg1, dg3 and dg5. After two serial cultivations in the dark, the three variants were evaluated under dark and light conditions for growth on BG-11 agar plates containing 30 mM glucose. All three variants grew better than the WT in the dark. Only one variant, dg5, showed growth comparable with that of the WT in the light, whereas the other two variants showed slower growth in the light. Thus, only dg5 was kept as a dark-adapted variant to use in subsequent studies. The WT and dg5 were maintained as photoautotrophic cultures on BG-11 agar plates with monthly inoculation. Frozen stocks of the WT and dg5 were prepared in 2002 and 1993, respectively (Fig. 1B) . For genome sequencing, the WT and dg5 were revived from frozen stock.
Growth conditions
Strains of L. boryana and Synechocystis 6803 (strain YF; Aoki et al. 2012) were cultivated in BG-11 buffered with 20 mM HEPES-KOH pH 7.5 and pH 8.2, respectively, under 50 mmol photon m À2 s À1 (FLR40SW, Hitachi) (Yamazaki et al. 2006 , Minamizaki et al. 2008 , defined as normal light conditions in this study. If necessary, we added 1.5% (w/v) BactoAgar (Difco), 15 mg ml À1 kanamycin and 10 mg ml À1 gentamicin to BG-11. The WT strain 'YF' of Synechocystis 6803 shows very poor growth under LAHG conditions, in contrast to other variants (Fig. 6C) .
Preparation of genome DNA from L. boryana
Genomic DNA for pyrosequencing was prepared according to Williams (1988) with some modifications. After N-lauroylsarcosine treatment, the green lysate was extracted with phenol-chloroform four times followed by chloroform extraction and ethanol precipitation. The genomic DNA dissolved in water was treated with RNase followed by phenol-chloroform extraction and ethanol precipitation. For resequencing with a SOLiD sequencer, extraction of genome DNA of L. boryana WT and dg5 was performed using a Wizard Genomic DNA Purification kit (Promega) with modifications as follows. Approximately 20 mg of cells were collected and resuspended in 450 ml of buffer (50 mM Tris-HCl; pH 8.0, 50 mM NaCl, 5 mM EDTA) and 50 ml of 50 mg ml À1 of lysozyme was added. The cell suspensions were then incubated at 37 C for 1 h followed by centrifugation at 15,000 r.p.m. for 2 min at room temperature and discarding of the supernatants. Nuclei Lysis Solution (600 ml) was added to the remaining pellets. The subsequent procedures followed the manufacturer's instructions.
Genome sequencing
The genome sequence was determined by the whole-genome shotgun strategy using 454 GS FLX Titanium (Roche). Two sequencing libraries were constructed for single-end and 8 kb span paired-end sequencing for pyrosequencing. Template DNA was prepared according to the supplier's protocol. The GS FLX sequence consisted of a total of 460,638 reads, giving 24.0-fold coverage. The obtained reads were assembled using the Newbler 2.6. software, generating 11 scaffolds including 122 contigs. Gap closing and resequencing of low quality regions in the assembled data were performed by PCR and primer walking using Sanger sequencing. The finished sequence was estimated to have an error rate of <1 per 10,000 bases (a quality value of !40).
Resequencing of L. boryana WT and dg5 genomes
Resequencing of WT and dg5 genomes was performed with a next-generation sequencer, SOLiD 5500 system (Life Technologies). Paired-end genome libraries were prepared and a sequencing run was performed according to the manufacturer's procedure. The obtained raw data were mapped to the draft genome sequence of dg5 determined by the 454 sequencer as mentioned above, using the BioScope version 1.3 mapping program (Applied Biosystems). Mapping data were subsequently analyzed with BioScope version 1.3 and In_hunter script. In_hunter is an unpublished Pearl script developed by Kazuma Uesaka to detect short-large insertions with high accuracy from SOLiD short read sequence. Possible SNP and indel (insertions and deletions) positions were called with default settings.
Elimination of false-positive calls of SNPs and indels
To eliminate false-positive calls and mapping errors, the mapping of all positions called by Bioscope and In_hunter was inspected in Integrative Genomics Viewer (IGV). The positions were eliminated from the candidates as false positives for further in-depth analysis when the IGV inspection met the following criteria: (i) an SNP or an indel are called on reads in only one direction; (ii) an SNP or an indel are called on reads that are mapped to more than one site. We found 10 SNPs and 105 indels that were probably errors in the first pyrosequencing (Supplementary Table S1 ). For these sites, we determined the sequences by Sanger sequencing with specific primers (Supplementary Table S2 ). Only three positions were confirmed as true genetic differences between dg5 and the WT. The three sites (1,305,274, 3,151,311 and 5,175,200.5) were reconfirmed by Sanger sequencing using cyanobacterial colonies as PCR template (Supplementary Table S2 ).
Plasmid construction
Plasmids for introduction of the mutations were constructed by overlap extension PCR (Green and Sambrook 2012) . DNA fragments upstream and downstream of the sites for kanamycin cartridge insertion were amplified using the dg5 genome DNA as template (Supplementary Table S3 ). The kanamycin resistance cartridge was also amplified using pUCK121 as template. pUCK121 was constructed by the insertion of the kanamycin cartridge from pMC19 (Fujita et al. 1992) into the BamHI site of pUC12. The three fragments were ligated by overlap extension PCR. The resulting ligated fragment was digested with BamHI or with BamHI and KpnI, and subcloned into pUC19. We also constructed another plasmid, in which the entire coding region of cytM was replaced with the kanamycin cartridge, by overlap extension PCR as described above. In addition, for the control strains dm1c, dm2c and dm3c, which carry the kanamycin resistance cartridge but in which the mutation sites are maintained as WT, the plasmids were constructed as above with the WT genome DNA as the template for PCR to prepare the flanking fragments.
Transformation of the WT
For transformation of L. boryana WT, the electroporation method was performed as described (Fujita et al. 1992 ) with some modifications. WT cells grown under normal conditions on BG-11 agar plates were suspended in cold sterilized water and the cells were collected onto a piece of filter (a 150 ml Bottle Top Vacuum Filter, 0.22 mm pore; Corning). The collected cells were sequentially washed with cold sterile water three times and resuspended in 0.5-1.0 ml of cold sterile water, and 50 ml aliquots of the suspension were used for transformation. To prevent the appearance of transformants by a single recombination, linear DNA fragments were prepared by PCR (KODplus-Neo; TOYOBO) with the outermost flanking primer pair, primer-f1 and primer-r3, in the plasmid construction (Supplementary Table S3) . A 50 ml aliquot of the WT cell suspension was mixed with 10 ml of the DNA fragment and subjected to electroporation using cuvettes with 1 mm gaps (Gene Pulser Xcell Electroporation Systems, Bio-Rad). The settings for electroporation were as follows: electric voltage 1,410 V, resistance 250 and capacitance 25 mF. After application of a single electric pulse (an exponential decay pulse with a time constant of approximately 10 ms), the cell samples were recovered in 350 ml of BG-11 with 20 mM HEPES-KOH, pH 8. 
Confirmation of introduction of the dg5 mutations
The introduction of each mutation was confirmed by Sanger sequencing of PCR-amplified DNA fragments. A DNA fragment (approximately 4 kb) was amplified by colony PCR with the primer pair of primer-f1 and primer-r3 (Supplementary Table S3 ). After the 4 kb DNA fragment was purified by agarose gel electrophoresis, a second nested PCR [Pb1305262-f and dg5m1(1305262)-r2 for dm1; Pb3151287-f and dg5m2(3151287)-r2 for dm2; dg5m3(5175165)-f2 and Pb5175165-r for dm3; Supplementary Table S3 ] was performed to amplify the DNA fragments sufficiently for Sanger sequencing (Supplementary Table S3 ). Sanger sequencing was carried out with ABI3100 with a POP7 polymer.
Construction of the DcytM mutant from Synechocystis 6803
To disrupt cytM in Synechocystis 6803, DNA fragments were prepared as follows. Upstream and downstream fragments of approximately 1 kb adjacent to cytM (sll1245) were amplified by PCR and a gentamicin resistance cartridge was also amplified (Supplementary Table S3 ) from pYCSFX (Fujita and Bauer 2000) . These three DNA fragments were ligated by overlap extension PCR (Green and Sambrook 2012) . The resulting fragment was used for transformation of Synechocystis 6803. A 300 ml aliquot of cell suspension of Synechocystis 6803 cells, the WT strain 'YF' (Aoki et al. 2012 ) and 5 ml of the DNA fragment solution were mixed and spread onto a nylon membrane (Amersham Hybond TM -N + ) on a BG-11 agar plate. The agar plate was incubated under normal light conditions (50 mmol photon m À2 s À1 ) for 1 d for recovery, and then the nylon membrane was transferred onto a new BG-11 agar plate supplemented with 10 mg ml À1 gentamicin and selected under normal light conditions for 10 d. The gentamicin-resistant colonies that appeared were inoculated twice to complete the segregation of the mutant genome copy from the WT genome copy. The segregation was confirmed by colony PCR.
Growth comparison of the dg5 mutants and cytM mutants
For growth comparison on agar plates, cells of L. boryana and Synechocystis 6803 grown under normal conditions for 3 d were suspended in sterilized water and diluted to an OD 730 value of 1.0, and 5 ml aliquots of the diluted cell suspensions were spotted onto BG-11 agar plates supplemented with or without glucose (30 mM for L. boryana and 5 mM for Synechocystis 6803) in the light (50 mmol photon m À2 s
À1
) or in the dark. To determine growth rates, cells precultured in liquid medium under light conditions (60 mmol photon m À2 s
) for 2 d were inoculated into a 15 ml BG-11 liquid culture in a culture flask (25 cm 2 ; Tissue Culture Flask, Iwaki) and adjusted to an OD 730 value of 0.05. Flasks were shaken at 140 r.p.m. with a rotary shaker (NR-20; TAITEC). For dark culture, the flasks were covered with aluminum foil to exclude light. The OD 730 was recorded with a spectrophotometer (UV-1700, Shimadzu). Absorption spectra of cells were recorded with a spectrophotometer (V-550, Jasco) with an integrating sphere attachment (ISV-469, Jasco).
Measurements of photosynthesis and respiratory activities
L. boryana cells grown in liquid BG-11 medium under light conditions (60 mmol photon m À2 s
À1
) for 2 d and in the dark for 10 d were used for measurement. Harvested cells were suspended in BG-11 supplemented with 10 mM NaHCO 3 and 30 mM glucose. As for Synechocystis 6803, cells grown on BG-11 agar plates under light conditions (50 mmol photon m À2 s
) and in the dark for 2 d were used for measurement. Cells were harvested with 2 ml of BG-11, and were then supplemented with 10 mM NaHCO 3 . Oxygen consumption in the dark and oxygen evolution in the light (1,000 mmol photon m À2 s
) were monitored by a Clark-type electrode (Oxygraph, Hansatech). To determine Chl contents, pigments were extracted from the cells used for the measurements with 90% (v/v) methanol, and absorbance at 665 nm (A 665 ) of the supernatant of the methanol extract was recorded with a spectrophotometer (V-550, Jasco). The Chl concentration was determined as described by Funding
